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This paper reports on the excitation of surface plasmons on gold-coated nanofibre tips by side-
illumination with a laser beam and the coupling of the surface plasmons to the optical fiber. The
measurements show a strong dependence of the coupling efficiency on the incidence angle with
a maximum coupling efficiency on the order of few percent. Moreover, the fibre tip was used as
scanning probe device for measuring the beam waist of a focussed laser beam. This work is motivated
by the goal to use such plasmonic nanofibre tips in quantum optics experiments with cold atoms.
PACS numbers:
I. INTRODUCTION
The idea to use plasmonic systems in quantum optics
experiments has recently attracted much attention. Op-
tical near-fields on plasmonic structures can be strongly
enhanced and highly localized which makes them promis-
ing candidates for the generation of nanoscale potentials
for cold atoms [1–3]. Atoms which are trapped in such
potentials can strongly couple to plasmonic excitations
[4] and interact with each other in a way that can be
controlled by the trapping potential. The latter feature
might provide a novel tool for the engineering of strong p-
wave interactions, exotic quantum Hall states and topo-
logical gauge fields [5]. In this context, we are investigat-
ing metallic nanotips with the perspective to trap single
atoms close to the tip apex and couple their emission into
surface plasmons with high Purcell enhancement [6].
Metallic nanotips are often used in optical near field mi-
croscopy for obtaining sub-diffraction limited resolution
and high sensitivity [7]. While aperture tips are typi-
cally applied in a collection mode in which optical near-
fields are coupled through a small sub-wavelength hole
to an optical fibre, aperture-less metal tips are mostly
used in a scattering mode in which an incoming laser
beam is plasmonically enhanced and scattered at the tip
apex. Recently, proposal have been put forward for using
aperture-less tips also in collection mode [8]. The idea is
based on the coupling of the light modes of a tapered
optical fibre with surface plasmons propagating on the
metallic coating of the fibre, with a predicted conversion
efficiency on the order of 10% [9]. With a more elaborate
setup the conversion efficiency could even be improved to
almost 100% [10].
This paper deals with tapered dielectric glass fibre tips
which are coated with a thin gold layer. We concentrate
on the aspect of exciting surface plasmons on the tip by
illumination with a laser beam. Moreover, we measure
the coupling of the plasmons into guided modes of the
fibre and find that a coupling efficiency on the order of
few percent can be obtained.
II. COUPLING OF SURFACE PLASMONS
WITH FREE-SPACE RADIATION
Coupling of light modes requires in general an inter-
section of the dispersion relations of the participating
modes. Here, the relevant dispersion relations are that
of surface plasmons (SPP) propagating on the tip sur-
face and that of free-space radiation with wavelength λ0
and wavenumber k0 = 2π/λ0. The dispersion relation
of surface plasmons propagating on a cylindrical (full)
metal wire with radius R can be expressed analytically
for small radii (k0R≪ 1) as [11–13]
kSPP (ω, k0R≪ 1) =
1
R
× (1)
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In this equation the dielectric constant of the metal
is ǫm = −24.1 + i · 1.72 for gold at a wavelength of
λ0 = 780 nm, the dielectric constant of the surround-
ing medium (air) is ǫd = 1, and γ ≈ 0.57 denotes the
Euler-Mascheroni constant. For large radii k0R ≫ 1 the
dispersion relation approximates that of surface plasmons
on planar surfaces [12]
kSPP(ω, k0R≫ 1) =
ω
c
√
ǫd · ǫm
ǫd + ǫm
. (2)
In the intermediate regime a gradual transistion con-
nects both dispersion relations such that the wavenumber
kSPP exceeds the free-space value k0 for all radii. This
prevents any coupling between surface plasmons and free
space radiation. In the case of a dielectric fibre which is
coated with a thin metal film, the situation is more com-
plicated. SPP can exist on both the inner and the outer
side of the metal film and are respectively called inner-
SPP and outer-SPP. For a sufficiently thin metal layer
the mutual coupling between inner-SPP and outer-SPP
leads to an anticrossing [9, 14], see Fig 1 a). Coupling
to free-space radiation can in principle occur in a short
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Figure 1: a) Real part of the wavevector of surface plasmons (free-space wavelength λ0 = 780 nm) on the inner and outer
surface of a t = 50 nm thick metal film covering a tapered dielectric nanofibre with (uncoated) radius R− t and refractive index
n = 1.5. The coupling between inner-SPP and outer-SPP leads to an anticrossing. For tip radii R < 50 nm, the dielectric core
is no longer present and the tip apex resembles a full metal wire. For comparison, we included also the wavevector of SPP on
an extended thick gold layer. b) Surface plasmons can couple to free space radiation, if the real taper angle α (blue data points)
is larger than the critical taper angle α0(z) (red curve). The blue curve is for clarity only. The inset shows the experimentally
determined tip radius as function of distances from the tip apex.
range of tip radii for inner-SPP, i.e. in the lower branch of
the anticrossing. However, the main reason for radiation
coupling of SPP on plasmonic nanofibre tips is due to the
taper of the tip [9]. SPP propagating on the tip surface
can follow their dispersion relation adiabatically, only if
the tip radius is changing not too fast, respectively if the
local taper angle is not too large. A rough condition for
adiabaticity of SPP propagation is given by [9]
α(z) < α0(z) = R(z)Re
[
kSPP(z)
k0
− 1
]
/λ0 , (3)
with α0(z) the critical taper angle. In Fig. 1 b) the
critical taper angle α0 is shown in comparison with the
real taper angle as determined from a scanning electron
microscopy (SEM)-picture of the nanotip. The exper-
imental taper angle is larger than the critical value at
taper radii below R . 300...350 nm. As shown in the
inset of Fig. 1 b) this corresponds to a distance range
from the tip apex of z ∼ 0...2 µm. At such distances
coupling between SPP and radiation is possible due to
the unadiabaticity of SPP propagation.
III. EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 2. Nanotips
have been fabricated by pulling standard single mode
glass fibres (Thorlabs S630-HP) with a commercial fibre
pulling stage (Sutter Instruments P-2000). We obtain
typical taper angles of α = (5± 1)
◦
and typical curva-
ture radii at the tip apex of R0 = (35± 5) nm, see Fig.
2 b). After the pulling step, the tip is coated with a thin
adhesion layer of titanium (approx. 2.5 nm) and a gold
layer with a typical thickness of d = (50± 10) nm. The
coating is done in a sputtering machine under perma-
nent rotation of the fibre in order to reach a uniform gold
layer thickness. The thickness is measured by compari-
son of SEM-pictures before and after the coating step.
The metallized fibre tip is fixed to a combined rotation
and nanopositioning stage (Attocube ECS3030) and illu-
minated from the side with a focussed laser beam, Fig.
2 a). The wavelength of the laser λ = 780 nm is chosen
to correspond to the transition wavelength of the D2-line
of Rb which is the most popular element in cold atom
experiments. We measure the light power Pout which is
emitted from the untapered fibre end with a photodiode
(FDD-100) and amplify the signal with a transimpedance
amplifier (FEMTO DLPCA-200). The absolute value of
the emitted laser power is calibrated with a power meter
(Thorlabs PM100A, S121C). It depends on the efficiency
of several processes: (i) the excitation of surface plas-
mons on the tip, (ii) the conversion of surface plasmons
into guided modes inside the fibre and (iii) the occurence
of additional losses (e.g. reflection at the untapered end
of the fibre).
IV. ANGULAR DEPENDENCE
The angle θ between the fibre tip and the laser beam
axis is varied with the rotation stage. After each step
of rotation the position of the tip is readjusted to the
laser beam focus by maximizing the detected power
with the translation stages. The measured light power
which is emitted at the untapered fibre end is plotted
in Fig. 3 a). Little power is coupled into the fibre if
the laser beam is aligned perpendicularly to the tip axis
(θ = 90◦). Suprisingly, very sharp maxima are observed
at certain angles in the range between θ ≈ 10◦ and
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Figure 2: a) Scheme of the experimental setup. The polarization φ is defined with respect to the surface of the fibre tip with
θ = 90◦ - i.e. for s-polarization, the electric field of the laser is along the z-axis. b)Typical scanning electron microscopy
(SEM)-pictures before and after the coating step.
θ ≈ 40◦. The general shape of this angle dependence can
be understood in a simple model as interference between
different plasmon waves that are excited along the
(conical) nanotip. Depending on the incidence angle θ
and the taper angle α they are launched with a position
dependent relative phase φ(z) = k0z
cos(α+θ)
cos(α) . From
there they propagate towards the position zc at which
outer-SPP are transferred into inner-SPP. The phase at
the transfer position zc of a plasmon launched at z is
thus φ(zc) =
k0
cos(α) [zc − z (1− cos(θ + α))]. For sim-
plicity, we describe in this formula plasmon propagation
with the free-space wavevector k0. The sum over the
electric fields of all participating waves Σzcz=0 cos(φ(zc))
leads to an angle dependent intensity I(θ) which is
plotted in Fig. 3 a) as dashed line. The theoretical
curve fits well to the envelope of the measured maxima,
though it does not resolve the distinct resonances. We
attribute the occurrence of these resonances to more
complicated effects due to the exact shape of the nanotip.
As a cross-check for the importance of the direction of
the eletric field oscillation, we changed the polarization
of the laser beam from s to p. The corresponding mea-
sured laserpower at θ = 25◦ is reduced by a factor of one
hundred, see Fig. 3 a). Gradually changing the polari-
zation from s to p results in an almost perfect sinusoidal
behavior, see Fig. 3 b). The fact that the curves in Fig.
3 a) are symmetric with respect to the θ = 0◦ axis is a
signature for the good radial symmetry of the tip and its
uniform coating with gold. For unsymmetrically coated
tips (by switching off tip rotation during the sputtering
process) we observed very unsymmetric excitation curves
(not shown here). We would also like to note that the
metal layer thickness on the nanotip is a crucial parame-
ter for the signal height. For layer thickness deviations of
50% from the ideal value, we observed signal heights that
were reduced by approximately one order of magnitude.
V. COUPLING EFFICIENCY
The coupling efficiency η is defined as the ratio of the
detected light power Pout to the power Ptip illuminating
the zone on the nanotip, where plasmons can be excited.
η =
Pout
Ptip
, (4)
with Ptip = I0 · A, the maximum intensity of the irra-
diated laser beam I0 = 2Pin/πw
2
0 and the area of the
sensitive zone on the nanotip A. The length of this zone
∆z is determined by measuring the beamwaist of a tightly
focussed laser beam by displacing the nanotip perpendic-
ularly to the beam axis with the nanopositioning stage.
The detected laser power is shown in Fig. 4 a). The
data points are fitted with a Gaussian curve G(z) ∼
exp
(
−2z2/w20,t
)
with waist w0,t = (2.44± 0.05) µm.
The measured waist is given by the convolution of the
Gaussian intensity distribution I(z) ∼ exp
(
−2z2/w20
)
of
a TEM00 laser beam (beam waist w0) with the excitation
profile on the nanotip f(z). For simplicity, we assume a
Gaussian excitation profile f(z) ∼ exp
(
−2z2/∆z2
)
, for
which the coupling length can be expressed analytically
as
∆z =
√
w20,t − w
2
0 . (5)
The real beam waist w0 is measured independently with
a razor blade [15], see Fig. 4 b). As this method is not
suitable for measuring small beamwaists due to diffrac-
tion at the razor blade, the beamwaist w0 in the focal
plane is obtained by fitting the measured beamwaists
far away from the focus with Gaussian beam propaga-
tion in free space wb(x) = w0
√
1 + (x/x0)
2
, where the
Rayleigh length is given by x0 = πw
2
0/λ. Neglecting
the diffraction limited data points (red circles), the fit
results in a beamwaist of w0 = (1.74± 0.05) µm, corre-
sponding to a coupling length ∆z = (1.71± 0.07) µm.
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Figure 3: a) Detected light power as a function of the angle θ between the incident laser and the fibre axis for both polarizations.
The incident laser power is Pin = 1 mW. The dashed line describes the angular dependence as interference of plasmon waves at
the position zc where outer-SPP are transferred into inner-SPP, with zc = 1.9 µm and a taper angle of α = 5
◦. The height of
the theoretical curve is adjusted to the figure scale. b) Detected light power as a function of the polarization φ of the incident
laser with θ = 25◦.
Please note, that this value agrees very well with the
coupling length as determined from Fig. 1 b). The
area of the sensitive zone on the tip is estimated as
A ∼ ∆z ·wtip = (1.2± 0.1)× 10
−12 m2, where the width
of the tip wtip = (0.7± 0.05) µm is evaluated from a
SEM image at a distance ∆z from the apex. Using the
experimental parameters of the measurements shown in
Fig. 3 (Pin = 1 mW, w0 = (23.2± 0.4) µm) the laser
power on the sensitive zone is Ptip = (1.4± 0.2) µW.
This value has to be compared with the maximum de-
tected power of Pmax = 73 nW, corresponding to a cou-
pling efficiency of η = (5± 1)%. This coupling efficiency
involves both the excitation probability of plasmons on
the surface and the conversion efficiency of surface plas-
mons to guided modes in the fibre. Please note, that
the sensitive area A is an estimate based on the assump-
tion of a Gaussian excitation profile along the nanotip
and a constant excitation profile across it. Thus, the
obtained coupling efficiency rather indicates the order
of magnitude than represents a precision measurement.
Moreover, the coupling length was determined from a dif-
ferent tip specimen than the measurements shown in Fig.
3. The same analysis with the tip specimen used for the
measurements shown in Fig. 3 resulted in a beam waist
(measured with the tip) of w0,t = (23.4± 0.35) µm com-
pared with a beamwaist (measured with the razor blade)
of w0 = (23.2± 0.4) µm). This corresponds to a coupling
efficiency of η =
(
2.6+97.4
−2
)
%. The large uncertainty to-
wards high coupling efficiencies stems from the fact that
w0,t < w0 cannot be excluded within measured precision.
However, both results are consistent with a coupling ef-
ficiency on the order of few percent.
VI. CONCLUSION
Concluding, we have shown that surface plasmons can
be excited on a metal nanotip in a simple way by il-
lumination with a laser beam from the side. This setup
was proposed in [1] for the generation of nanoscale dipole
traps for single atoms close to the tip apex. We have
shown that the complex interaction of SPP on the inner
and on the outer side of the gold layer lead to a adi-
abaticity criterium that allows excitations of SPP with
far field radiation in a range of roughly 2 microns from
the tip apex. On the other side, outer-SPP are trans-
ferred to inner-SPP at a tip radius of approximately
260 nm by a broad anticrossing. Furthermore, the cou-
pling of outer-SPP to inner-SPP has a complicated angu-
lar dependence on the irradiated laser beam which can be
partly attributed to interference of propagating SPP. The
detection of light at the end of the fibre allowed us also
to estimate the coupling efficiency between the plasmon
mode and guided modes within the fibre. We obtain a
coupling efficiency on the order of few percent exceeding
typical values of collection efficiency of standard NSOM
setups [16]. This high value is also promising for Purcell-
enhanced detection of the spontaneous emission of atoms
which are positioned close to the fibre tip.
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Figure 4: a) The tip is used in a scanning mode for measuring the beamwaist of a focussed laser beam. (b) Independent
measurement of the beam waist with a razor blade.
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